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COMPARTSON OF HOVERING FERFORMANCE OF HELICOFTERS
POWERED BY JEE-PROFPULSION AND
RECTIFROCATING ERGINES

By Virginia L. Brightwell, Max D. Peters
and J. C. Sanders

STMMARY

Maximum hovering time, or time that a helicopber can sustain
itself without motion, was caloulsted for hellcopters powered by a
reciprocating engline, by a Nernst turbine rotor, by ram-Jet englnes
at the tips of the rotor blades, snd by pulse-~Jet engines at the
tips of the rotor blades. The calculations showed that the conven-
tional reciprocating englne permitted much longer hovering time
than the Jjet-propulsion engines iInvestigabted, dut because the Jeb-
propulsion engines were lighter than the reciprocating englne, the
Jet-propelled helilcopters could 1ift greater disposable loads. OFf
the Jet engines considered, the pulse-~Jet engine allowed the long-
egt hovering time, which wes aboul 15 percent of the hovering time
possible with the reciprocating engine.

INTRODOCTION

The hellcopter, unique in 1lts &bility to sustaln itself with-
out motion, is useful for inspection, obmervetion, and photographic
purposes. Although helicopters powered by Jet-propulsion engines
have recently been considered, at the present time & limited amount
of performance data is avallable. Previous analytical studiles of
application of Jet-propulsion drives to helicopter rotors are
reported in reference 1 and in vmpublished data fram the University
of Southern California. In reference 1, consideration was glven %o
rem Jets on the rotor tips and to a robor with tip jets supplied
with alr fed from a compressor mounted in the airfreme. The range
of the helicopter powered by Jets supplied by an engine-driven
compressor was estimabted to egqual that of a conventional helicopter,
but the range of the helicopter powered with ram Jets was consild-
erably less. Merquerdt and DeVeult of the Unlversity of Southern
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California studled tip-located ram Joets and pulse Jets as well as
tip Jets aspirated by a hub-located, engine-driven compressor or by
a hub-loceted, rotor-driven compressor. It wag found thaet the
system using tip-located ram Jets would be economically feasible
for cruising endurances less than 1 hour, the tip-located inter-
mittent system and the rotor-driven compressor system for endur-
ances less than 2 hours, and the engine-~-driven compressor sysbem
for endurances from 2 to 4 hours. For these perlods, such systems
appeared to be able to carry approximately twice the pay load of e
conventlonal helicopter of similar size abt comparable cost.

In this analysis, conducted at the NACA Cleveland laboratory,
calculatlions were made to compare the fuel consumptlions of three
Jet-propulsion engines and one reclprocating engine that were used
to power helicoplers for hovering flight at sea level. The Jet-
propulsion englnes ere a ram Jet and & pulse Jet (reference 1)
and, in additlon, a hollow-blade rotor, or Nernst turbine, with
burners near the blade tips. The effects of changes in several
limiting variables were studled and values were selected to give
low fuel consumption. Reasonable values were assumed for the
rotor dlameter, rotor tip speed, and fuel consumption for the
recliprocating englne. The comperisons for low forward speeds
would probably be similear to those found for hovering.

SYIMBOLS

The following symbols and abbreviatlions are used in this
analysis:

Ay crosa-gectlonal area of burner, (sq f1)

An required cross-sectional area of engine, (sq f£t)
B number of rotor blades, (3)

c coefficient

c chord of rotor blade, (ft)

oy specific heat at constent pressure,.(Btu/(lb—QF))
a rotor diameter, (ft)

F thrust, (1b)

f/a fuel-air ratio
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i fuel consumption, (1b/hr)
£y initial fuel rate, (1b/hr)
g acoeleration of gravity, 32.2 (£t/sec?)

hovering time, (hr)
hp horsepower

mechenical equivalent of heat, 778 (£t-1b/Btu)

£
K = Wo + Wf,h
M Mach number
P total pressure, (1b/sq £t absolute)
D static pressure, (1b/sg £t absolute)

ADp static-pressure drop due to friction, (1b/sg £t)

dynemic pressure, (1lb/sg £t)

R ges constant, 53.3 (£t-1b/(°F-1b))

r radivs of rotor, (ft)

S rotor-disk area, (sq f£t)

T totel temperature, (°R)

% static temperature, (°R)

v velocity, (£t/sec)

W gross weight of helicopter, 2580 (1b)
We welght of helicopter when empty, (1b)
Ve fuel flow, (1b/sec)

Wf,i welght of initial fuel load, (1b)

U
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wf,h welght of fuel at hovering time b, (1b)
Wg gas flow, (1b/sec)
W drag power of rotor, (ft-lb/sec)
X ratio of croes-sectlional area of Internal alr passage to
cross-gectional ares of rotor bleds, (0.75)
;%f .
L )]
S P
¥ ratio of specif'ic heat at constant pressure to specific heat
at constant volume
o alr density, (slugs/ocu £t)
Subscripts s
0 equiveaelent free-stream condltion
2 gtation 2, burner entrance
3 station 3, burner exit
4 station 4, exhaust-nozzle exit
D rotor drag, based upon plan area
D,e drag of Jet-engline bodies
e reference engine (except in W)
h hovering
J Jet engine
L 1ift
m maximm power

rotor

re reciprocating engine

t rotor tip
L]

855
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ASSUMPTIONS AND BASIS OF CALCULATIONS

The rotors powersd by each of the Jet engines were assumed to
replace the conventlonal rotor and reciprocating engine in an
existing helicopter. Sketches of the englne installations inves-~
tigated are presented in figure 1. The methods of calculating fuel
consunption and hovering time are outlined in appendixes A to C.

The Nernst turbine utilized hollow rotor blades, whereas the
ram jets and pulse Jeis were assumsed to be installed tangentlally
on the tips of the blades. The same airframe weight and the same
gross helicopter welght were used for each instellation. The value
of dlsposeble load was different for various welghts of engine,
gearing, and rotor.

Some of the simplifying assumptlions infer 1desallistic condl-
tions that will not be reallized in actual performence, but 1t is
believed that these assumptions do not preclude meking a fair com-
parison of engines,

Method of Computling Rotor Performance

The horsepower required to hover was taken as the sum of +the
calculabed valnes of power dissipated in the momentum of the down-
wash from the rotor and in the windage drag of the rotor blades,
with the assumpbtion that there were no mechanical losses. The
power dissipated in momentum of the downwesh was mulitiplied by 1.15
to account empirically for additional minor losses. (See reference 2.)

Camputation of the windage drag of the rotor Included the
drags of the nscelles housing the ram-jet and pulse-jet engines at
the tips of the rotor blades. The value of 0.04 that was chosen
for the drag coefficlent of the engine nacelles was based upon the
frontal areas; this velue was taken from a figure derlved fram
ballistic-drag data fram reference 3 and from data on low-drag
wing-nacelle combinetions with internel alr flow presented ia
reference 4. A blade-profile drag coefficient of 0.011 (refer-
ence 5) was used in computing the windage drag of the rotor blades.

The horsepower required for hovering operation of the heli-
copter when powered by elther ram Jets, pulse Jjets, or the recip-
rocating englne was calculated as

2 3 3
1.15 W/ B p Vg~ COp ory 22V Cpebr

(hp)y, = +
b es0 (28p)1/2 8 X 550 4 X 550

(1)
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where the first term 1s the corrected horsepower required to lift
the helicopter, the second term is the horsepower required for
rotor drag, and the third termm 1s the horsepower for Jet-~engine
bodles. The derivation of this equation is given in references 1
and 2. Because the reciprocating engine In the existing helilcopter
developed 40 horsepower more than the power required for hovering,
the horsepower calculated in equation (1) was increased by 40 for
the ram-jet and pulse-Jeot engines. Further detalls of the horse-
power calculations are presented in appendix B.

The maximun allowable hovering times were calculated by
eagsuming that the total dlsposeble loeds consisted only of fuel,
and by taking into consideration the decreasing welght of the
helicopter,

Propulsion Systeuns

Reciprocating engine. - The helicopter powered by a recipro-
cating engine selected for this analysis 1s described in reference 6.

Nernst turbine., - The power and fuel consumpblon of the Rernst
turbine as a reaction motor were computed because no experimental
data on this type of engine are availlable. These computations con-
slgted of a simple cycle analysis accounting for momentum-pressure
loss in the burners. The calculabtlions are described in appendlx A

and reference 7.

The weight of the rotor was estimated by assuming the blades
to be aluminum shells with a wall thickness of 0.0234 inch. The
meximm cycle temperature was selected by trilial calculation to
glve a low fuel consumption. The temperature calculations were
made for a rotor, 30 feet in dlameter, operating at a rotor-tip
Mach number of 0.8; each blade was assumed to contaln a burner with
a cross-sectlional aree of 0.5 sguare foot., After the maximum cycle
temperature was selected, the rotor dlameber amd burner cross-
gectlonal area were Bo varied that the lowest fuel consumption was
obtalned at the power required for the desired lift.

Ram Jet. - Thrust and fuel consumption of the ram-jet engines,
one on each of the three rotor blades, were obtalned from experi-
mentel date presented in reference 8. The thrust and fuel consump-
tion of the reference engine are shown in figure Z.

Pulse Jet. - The thrust and fuel-consumption charecteristics
of the pulse-jJet engine presented in figure 3 were obtained from

855
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experimental date presented in reference 9 and were used to deter-
mine thrust and fuel consumpbion of the three pulse-Jet engines on
the helicopter rotor bhlades.

The slzes of both the rem-Jet and pulse-Jet englnes were so
selected as to0 permlt an excesa of 40 horsepower above thab
required for hovering. Calculations were made to select the rotor
dlameter and the tlp speed glving minimm fuel consumption. Xqua-
tions unsed in these calculations are glven in sppendix B.

Teble of sgsumptions. - In all of the cases except that of the
Nernst turbine, two methods of analysis were employed. One method
was the calculation of optimum rotor dimemsions by vearying the
section 1lift coefflcient; the obther method was the selection of the
robor dlameter and the rotor tilp speed that would glve low fuel
' consumption while the rotor-blade chord was held constant and equal
t0 the equivalent chord of the existing helicopter powered by a
reclprocating engine. For the Nernst turbine, the rotor dimensions
were seolected at the values that gave the desired thrust with =
minimum fuel consumption. Because the optimum dimensions were
structurally impractical, the pertinent daba listed in the follow-
ing table on the englne, rotor, snd slrframe of the helicopter as
powered by a reclprocating engine are for constant-chord analysis
only: the teble also includes the assumptions necessary for com-
puting the performance of & helicopber as powered by eny one of
the four propulsion systems:
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Propulsion system

Reclipro-~jNernst [Ram Jet] Pulse
cating |Turbine Jot

Groas welght of helicopter fully

loaded, 1b 2560 2560 2560 2560
Weight of alrframe and pllot, 1b 1336 1336 1336 1336
Rotor airfoll section, NACA 0012 Q015 o012 0012
Number of rotor blades 3 3 3 3
Diemeter of rotor, £t 38 |memmmmm| e [ —————
Totel plan ares of three rotor

bledes, s8g £t 65.5 |~ememcm]emcmmec e
Welight of robor, 1b X 159 |ecnmw-- (a) (a)
Rotor tip speed, ft/sec 448 | P0.8 }ommmmom)acenan
Windage drag coefficient of rotor

blade €0.,011 f=-m~me-- ©0.011 {0.011
Nacelle drag coefficlent based on

frontel axea =000} eemeseccacncan- 0.04 0.04
Weight of engine, 1b 362 fe-mm--- dzzs | dizg
Welght of shafting and gearing, 1b O e et ELTEEETY EE TR
Maximum engine power, bhp 192 |mecemvmm)ocsnnnm e
Power requlred to hover, bhp 152 |ermcernlcnmcmns e e
Breke specific fuel consumptionm,

1b/bhp~hr 045 |mmememelomcccas faeeeaa
Percentage of alrfoll cross-

sectlonal erea providing fres

passage for combustion alr | wececeen. 75 |—memecmn e
Velocity of alr entering burner,

fbfsec 0 | eemeeee- 150 femecmne fmameea
Ratlo of friction-pressure loss

in burner to dynamlc pressure

et entrance to burner 0| ccmesea- 0.5 |eewemeuefrecnes
Teamperature ratio =000 | ~ewccacelancaces 5 lremena
Combustion efficiency @ | «cmewen- 1.00 0.70 |jr~vema

8Weight of rotor blades proportional to their plan

upon weight of rotor with reciprocating engine.

hMa.ch number.

°For optimum rotor dimensions, value varied with Cp (reference S).

dTn 1b/sq £t of frontal aree.

Equablions used in the calculation of weights and pay loads are

glven in appendix C.
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FUEL-~-CONSUMETIOR ESTIMATES

Txcept for the Nernst turbine, two methods were used to deter-
mine rotor and engine dimensions to glve minimum fuel consumpblong
(1) Optimum rotor dimensions were determined by varying the lift
coefficlent and rotor dlmmeter, which resulted in a veriation of
rotor-blade chord; end (2) the rotor dismster was varied as the
chord was held constant at the velue of that for the exisbting
helicopter powered by the reciprocabting engine. The opbimm values
are glven es a mabber of Interest but the difflculty of making
glender robor blades safe snd rigld mekes impractical the use of
blades of optimm proportlons.

The Nernst turbine rotor dimensions detexrmined the value of
thrust and fuel consumption cobteinsble so that the chord and the
dlsmeter were sBelected at the values that gave the deslred thrust
with minimum fuel consumption.

Reclprocating Englne

When the lift coefflclient was varied, the optimum valuve was
calculated to be 0.80, the same optimum value that was found for
the ram Jet and the pulse Jet. Thls value was obtained for a
rotor tip speed of 448 feet per second., The opbimum rotor dlemeter
was the largest considered, 60 feet, and the corresponding chord
was 0.447 foot. The minimum fuel consumption wes 0.0178 pound per
hour per pound of rotor thrust for a hovering horsepower of 101,

When the existing hellcopter rotor-blade chord and diameter
were used a2t the assumed tip speed of 448 feet per second, the
minimm fuel consumpbion was 0.0267 pound per hour per pound of
rotor thrust for e hovering horsepower of 152, or cne and one-half
times the wvalue for the optimum rotor.

Nernst Turbine

The results of the sample camputations of the effects of
change in maximum cycle temperabure on the fuel comsumption of the
Nernst turbline are shown in figure 4. The minimum fuel consumptlion
in this case is attained at temperatures between 2000° and 2200° R.
A temperature of 2000° R was chosen for subseguent studies.

The effects of dimensions of the rotor blades on fuel consump-
tlon and thrust are shown in figure 5. Change in the dismeter of
the rotor hed 1lttle effect on minimum fuel consumption provided

v,
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that the ocross-sectional ares of the burner was properly selscted.
The required 1lift of 2560 pounds was achleved with the lowest fuel
consumption with a rotor diameter of 20 feet and a burner cross-~
sectlonal area of 0.288 square foot, corresponding to a chord of
1.93 feet. The calculated section 1ift coefficlent for these
dimensions was 0.139 and the fuel consumption was 0.376 pound per
hour per pound of rotor thrust.

Ram Jet

The effects of changes Iin rotor diameter and in 1ift coeffi-
clent (which determine the blade chord) on the fuel comsumption
of a rotor powered by ram-Jet englnes are shown in figure 6, The
optimm rotor tip speed wes greater than the 900 feet per second
chogen for this fuel-consumption anslysls. No rotor tip speeds in
excess of 900 feel per second were considered because stresaes and
asrodynamic lomsses become high. The lowest fuel consuvmption was
cbtained with a 1ift coefficient of 0.80 and the largest rotor
dismeter considered. The chords of the rotor blades for the lift
coefficient of 0.80 are shown to vary from 0.67 foot with a rotor
diameter of 10 feet to 0.1l foot at e dlameter of 60 feet. The
lowest fuel consumption wes 0.27 pound per hour per pound of rotor
thrust.

When the bhlade chord was held congtant and equal to the equlva-
lent chord of the blades with the reciprocating engine, the dismeter
of the rotor affected minimum fuel consumption as shown in figuwre 7.
The minimum fuel consumption wes 0.73 pound per hour per pound of
rotor thrust, or nearly three times the value for the optimum rotor.

The sacriflice in fuel economy shown to result from the use of
the more practical rotor dimenslons indicates thet the selection
of dependeble structural dimemsions 1s also a critical factor in
performance consliderations.

Pulse Jet

Fusl consumption of the pulse Jet was camputed for various
rotor tip speeds and gection 1lift coefficlents to permit selection
of the lowest specific fuel consumption as showm In figure 8. The
lowest fuel consumptlion was found to occur with the largest rotor
diameter consldered. The lowesat specific fuel consumption was
0.17 pound per hour per pound of rotor thrust, and occurred at a
tip speed of 500 feet per second and a section 1ift coefficient



§S8

NACA BM Fo. E7E21 o 1L

of 0.80. The corresponding chord of the blades was 0.36 foot. The
dimensions of the rotor for lowest fuel consumpbion result in very
slender bledes as In the case of the rotor powered by the ram-jet
engines.

When the blade chord was held codstent and egual to the equiva-
lent chord of the blades used wlth the reclprocatiing engline, the
dismeter of the rotor affected minimum fuel consumption as shown In
figure 9. Although the fuel consumption continued to decrease with
Increasing rotor dlasmeter, a dlameter of 38 feet was selscted for
the rotor blade used with the pulse-Jet engine In order to avoid the
unwieldiness and inoressed welght of larger rotor blades. Further-
more, the fuel consumpblon corresponding to a 38-foot dlameter was
not excessively high compared to the fuel consumption obtained with
rotors of larger dlameter. The fuel consumption in this case was
0.26 pound per houvr per pound of rotor thrust or 1.5 times the
value obtelned with the optimm rotor.

HOVERTNG TIME AND DISPOSAEBLE IOQAD

Because installatlions comprising Jet englnes were much lighter
than the Installatlon for the reclprocating engine, the Jet-propelled
helicopbers could 1lift greater pay loads for shorter pericds of
hovering. The combination of pay load and fuel loasd was called dis-
pogable losd.

Optimm Rotor Dlmensions

In the comparison made with the selectlion of the optimum blade
chord and a large rotor dlameter, the ram-Jjet and pulse-Jet lnstalla-
tions lifted dispossble losds (pay loads at zero hovering time)

41 and 33 percent greater, respectively, than the disposeble load

of the reciprocabting engine Installation, whereas the Nernst tur-
bine lifted 3 percent less. (See £ig. 10(a) and table I for values.)
As hovering time was increased, the hlgh fusl consumption of the

Jet engines caused a rapid decrease in pay loads of the Jebt-propelled
helicopters. For the limiting condition of no pay load (all fuel
load), the maximum hovering times of the Nermst~turbine, ram-Jet,
and pulse-Jet installations were 4.6, 10.3, and 14.8 percent,
respectively, of thet of the reclprocating-engine installatiom.

For hovering times greater than 0.30 hour, the pulse-Jjet helicopter
gfforded greater pay load than the other Jet englnes and could

hover with & greater pay load than the reciprocating engine for
hovering periods less than 0.88 hour (fig. 10(a)).



12 L NACA FM No. E7K21

Constant Rotor-Blade Chord

The hovering time and pay-load characteristics computed with
the assumptions of blede chord equal to that of the original rotor
used with the reciprocating englne and a maximum yotor diameter of
38 feet are shown in figure 10(b). (See table I for values.)
Although the pay loads and ranges of each installation except ths
Nernst turbine were lees than those presented in figure 10(a) for
optimum rotor dimensions, the relatlive positions of the various
engines remeined the same except that the ram Jet Inastead of the
Nerngt turbine gave the least favorable hovering performsnce. A
comparison of the maximum disposable loeds and hovering times lis
made in the following table:

855

Englne Maximm dis- Maximan hov-
poaeble loed ering time
(percent) (pexcent)
Reclprocating 100 100
Nermst turbine 119 8.7 N
Ram Jet 148 5.9
Pulge Jobt 143 15.8

For hovering tlmes greater than the short period of 0.05 hour,
the pulse-Jot engine afforded greater psy load than the other Jet
engines and could hover with a greater pay load than counld the
reciprocating engine for hovering pericds less than 0.58 hour,

The selected dimenslons of the rotor blade and the rotor tip speed
for the pulse-Jet driven rotor are closer to the values of extent
rotors. The calculated performance could therefore be more easily
achieved in practice with the pulse-Jjet engine than with the other
Jet engines considered in this analysis.

SUMMARY OF RESULTS

Comparison of the calculated performance of three Jet-propelled
helicopters with that of a conventional hellcopter powered by a
reciprocating engine led to the following observationss

1. The maximm hovering time, obtained with the pay load dls-
placed by fuel, wes much greater for the conventional hellicopter
powered by a reciprocating engine than for any of the Jet-propelled
helicopters. The hellicopter powered by a pulse~jet engine with a
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maximum hovering time egual to approximaetely 15 percent of the
maximum hovering time of the helicopter powered by & reclprocating
engine showed better hovering performance then the other Jet-
englne installatlons.

2. For short periods of hovering, the Jjet-propelled heli~
copters (except the Nernst turbine in the optimum-dimension com- -
parison) could carry greater pay loads then the hellcopter powered
by the recliprocating engine. The reclprocabting-engine installe-
tion could carry greaber pay loads than any of the Jet-engine
installations for hovering times greater than 0.88 hour.

3. Among the helicopters dimensioned by malntaining a constant
chord, for hovering times grester than the short period of 0.05 hour
the helicopber powered by a pulse-Jet englne afforded greater pay
load than helicopters powered by the other Jet englnes.

Flight Propulsion Research Leboratbory,
National Advisory Cammittee for Aeronautics 3
Cleveland, Ohlo.
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APPENDIX A

METHEOD OF CALCULATING THRUST AND FUEL CORNS

CTTTR ITETI T XY
U L

MEL LUN

FOR HELICOPTER POWERED BY NERNST TURBINE

[ o P e LM e meoaaa [ O Y N P | — o -~ ok
Several variables were lnvestigabted in orxrder (o obtain optimm

pexrformance of the Nernst turbine for the thrust desired. A fur-
ther develomment of the theory outlined in this appendlx can be
found in reference 7.

The velocity of the gas entering each burner (one in each of
the three bledes) was considered to be fixed at 150 feet per
second., The temperature before the burner was calculated from

the general energy equation

Vi2 - Vo2
Y2 =\ i, /* K (a2)

end the following velues were subastituted: Vz, 150 feet per
second; op, 0.240 Btu/(1b-F); and by, 519° R. When adisbatic
campression was agsumed, the pressure before the burner wes

2
2, VL :
2
Py = D Ea) (a2)
and the density before the burner was
P2

Py = Z‘R-E (43)

where Py Wwes teken as 2117 pounds per square foot absolute.

The total temperature before the burner was calculated as

V,2
Ty = 2 + Zchp (A4)

end the welght of ges flow as

855
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W o= 1+¢ A5
o 28028, (1 + £/a) (a5)

where the fuel-alr rablio was determined from figure 6 of refer-
ence 10. This figure 1s a chart for determining the fuel-air
retlio for various values of rise in btotal temperature across the
combustion chenber and cambustlon-chamber-outlet tobtal temperature.

The dynamic pressure at the entrance to the burner was

of- which one-half was assumed to be the preasure loss due to
friction.

=

The Mach number of the alr enbering the burner was calculabed

as
My - —Z (48)
q/thz
and the total pressure at the burner exit was calculated from
Z.3
By = (2 + 0%p) 7 (a9)
where
Z
¥-1
[1 +<L—£l) MZJ
Z = (A10)

1+ M|

The values of Z were obtained from equations that are given in
reference 1l and have been prepared in chart form. A value of 1.4
was used for ¥ at stabion 2; the value of o at station 3 was
read from table 2 in reference 12 for the va.lue of the total tem-
perature aftex the burner.

*
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The velocity at the nozzle exlt was calculated as

-1
2, 7
Vy =/ /28T0. Tz |1 - 7, (a11)
with the value of ¢ reoad from table 2 in reference 12,

D
By measurement, the chord of the NACA 0015 alrfoll sasumed wes

found to be
. -
¢ = N/0.1032 X (a12)

where X, the ratio of the cross-sectlonal area of the alr passage
Inside the blade to the total cross-sectlional area of the blade,

was assumed to be 0.75.
The equation used for the drag power of the rotor was
Bp C doV?>
o D t

When it was assumed that the rotor inflow was uniform over the
rotor-disk area and that there were no rotational losses for hover-
ing, the rotor thrust was calculated to be

(B w0 o T

Fp = . 1.15 (a14)

where the factor 1.15 was used to allow for a difference between
calculated and actual experimental thrust.

The fuel flow was

We = BVag pg & £/a (A15)

CONFIDENTIAL
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The corrected thrust deslred was 2560 pounds, the gross welght
of the hellcopter. A temperature study was made first in order to
gelect a tobal temperature at station 3 that would give epproxi-
mately the desired thrust. This study wes made at rotor-tip Mach
numbera of 0.5 and 0.8, but 0.8 was selected for further study
because the gpeciflic fuel consumption was lower. As & result of
the temperaturs study, 1t was decided to use 2000° R as the total
temperature at the burner exlt In the Investlgablion of the other
variables, the cross-sectlonal burner area and the rotor diameter.
Cross-sectional burner aress of 0.10, 0.25, 0.50, 0.75, 1L.00 end
1.50 square feet, and rotor dlemeters of 10, 20, 30, and 40 feet
were Investigated in order to obtain desired thrust at a low spe-
cific fuel consumption. Debtalled results of thease calculations
are glven in table IT.
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APTENDIX B

METHOD OF CALCULATING HORSEFOWER AND FUEL CONSUMPTION FOR
HELICOPTERS POWERED BY RECIPROCATING, RAM-JET, OR
PULSE-JET ENGINES

The horsepower required foxr lifting the helicopter was com-
puted as :

3/2

W

bp), = ———73 (B1)

1l/2
550(2Sp)
The horsepower required for the rotor drag was

Cp cry B o Vi

(bp)y = ——F x 550 (82)

The horsepower reguired for the drag of the Jet-englne bodies
was .

3
c BpvW
(kp) - D, e Ap t
D,e 2 x 550

(B3)

See references 1l and 2 for derivaetions.

The total horsepower for the reclprocating englne was calculated
by adding the values obtalned from equations (Bl) and (B2) and allow-
Ing for calculated lift and eXxcess power as shown In the following
equatlion:

3
1.15 w/2 Cpory Boe Vy
550(280) 172 5 X 550

(bp),. = + 40 (B4)
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For the reciprocating engine, the fuel consumptlon was assumed
to be 0.45 pound per horsepower-hour for hovering horsepower only.
Table III presents values of horsepower and fuel consumptlion with
an assumed rotor tlp speed of 448 feet per second.

The horsepower regqulred for the helicopter to hover when
powered by either the ram Jets or the pulse Jets was calculated
as the sum of the values obtalned from equations (Bl), (B2), and
(B3), allowing for the extra 1lift horsepower as shown in the
following equatlon:

3 .
| 1asw3/2  Be VS fopomy
(bp)y = Sso(28p) /2 | 1100 z— * %, (25)
The total maximm engine horsepower weas
(bp), = (hp)y, + 40 (B6)

The Jet-engine thrust was

(bp)
F, = 550 h

3= A (87)

and the fuel consumpbtlion was consldered to be proportional to thrust
delivered

o'}

f=F (B8)

-8

J Fg
The simultaneous equations involving A, and F were solved

by trial and error by first essuming values of A,, end solving for

thrust, and then computing the required A, by assuming that the
cross-sectlonal-engline area was proportional to the total horsepower.

550 A
A, = (bp), ﬁGF_:‘ (for reference engine) (B9)

After the correct A, was determined, equatiomns (BS) to (B8)
were recalculated.
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For the rem-Jet and pulse-Jet englnes, the roftor diameters,
the chord of the rotor blades, the crosas-gectional-~engine ares, and
the rotor tlp speeds were lnvestlgated In order to obtaln the
lowest possible fuel consumption., For the ram Jet, caloculations
were made for rotor dlameters of 10, 20, 30, 40, 50, and 60 feet,
end tip speeds of 400, 600, 750, and 900 feet per second. For the
pulse Jet, rotor dlemeters of 10, 20, 30, 38, 40, 50, and 60 feet
were investigated, as well as tip speeds of 300, 400, 500, and
800 feet per second. The minimum fuel-consumption values at the
various rotor dlameters are presentied In table IIT.

855
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APPENDIX C

METHOD OF CALCULATING HOVERING TIME

Most of the assumptions for calculeting welghts and pay loads
of the different hellcopters are given in ASSUMPTIONS AND BASIS OF

CALCULATIONS.

The welght of the rotor for the reclprocating and pulse-Jet
englnes was 159 pounds, as glven 1n reference 6. Thls rotor welght
was used as the basls for calculations of rotor welghts for diem-
eters other than the standard of 38 feet.

The alrfreme welight was determined from calculations for the
reciprocating-englne helicopter by subtracting the sum of the
woights of the engine, the rotor, the gearing, and the useful load
from the gross hellcopber welght. The same elrframe welght and
the same gross hellcopter welght were used for esch installatlion.
The value of dlsposeble load was obtalned by subtracting from the-
gross hellicopter weight the sum of the welghts of the airframe,
the rotor, the engine, and the gearing.

The calculated values of welghts and dlsposable loads for the
four helicopters are glven in teble I.

The following equatlons were developed to determine the allow-

able hovering times of the different englnes, taking into con-
glderation the fact that the weight of the hellcopter was steadlly
decreasing because of fuel conaumption.

de h
- ——&-f— = K(We + wf,h) (01)

Transposing and Integreting between the limits of O and h
results in

- logy (Wy) + log, (Wy +Wp i) = Eh (c2)

Transposing agaln glves

W, + W
_ 1 e £,1
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or

h = We + Wf 1 ]_og We + Wf 1 (04)
fi ° L
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TABLE I - SELECTED FROPORTIONS FOR HELICOPTERS
POWERED BY VARIOUS ENGINES

Proportions Engine

Recipro- |Nernst |Ram Jet |[Pulse Jet
cating {turbine

Optimm rotor dimensions

Rotor diemeter, £t 60 20 60 60
Rotor tip speed, ft/sec 448 886 900 500
Specific fuel consumption

10/(br) (b rotor thrust) 0.0178 | 0.376 | 0.268 | 0.173
Rotor welght, 1b 99 447 24 78
Total englne welght, 1b 275 0 73 81
Gearing weight, 1b 50 8] 0] 0
Alrframe welght, 1b 1336 1336 1336 1336
Diaposable load, 1D 800 777 1127 1065
Gross welght, 1b 2560 2560 2560 2580
Maximum hovering time, hr 2.0 0.962 2.16 3.11

Conatant rotor-blade chord

Rotor dismeter, ft 38 2o 25 38
Rotor tip speed, ft/sec 448 896 900 400
Specific fuel consumption

1b/(ar)(1b rotor ’chru.sts 0.0267 0.376 | 0.728 0.260
Rotor welght, 1b 159 447 105 159
Totel engine welght, 1b 362 0 150 129
Geering weight, 1b 50 . 0 0 o
Alrfreme welght, 1b 1336 1336 1336 1336
Disposable load, 1b 653 777 969 936
CGross welght, 1b 2560 2560 2560 2560
Meximum hovering time, hr 11.0 0.962 | 0.653 1.75



TABLE IT - SUMMARY OF DATA FOR NERNST TURBINE SHOWING VARTATION IN THRUST AND IN FUBL

CONSUMPTION WITH CHANGE IN ROTOR DIAMETER AND CROSS-SECTIONAL BURNER AREA

[Macts muber 0.8; T;, 566° B; Ty, 2000° B; V,, 1599 £o/sea

Rotar Cross-gectional Rotor-blade Ireg power Carrscted Fuel oon- Fusl. oconmumption
dim- burner area chord (ft-1b/mec) | rotor smption Correoted rotor thrukt
ster (sq £t) (t't) thrust {1b/hx)
(re) . (1v) ( 11:% )
1 or
10 0.10 1.137 40,117 875 338 Q.3a8
+a85 1.797 63,404 1,.902 845 viid
.50 2.542 89,608 5,218 1689 o2
W75 5,113 108,538 4,368 2654 .80
20 Q.19 1,137 80,234 525 338 0.645
.25 1.797 124,800 2,168 845 .384
50 2.542 179,578 4,878 1688 595
.78 3,128 219,872 6,037 2584 480
1.00 %584 257,814 7,607 5578 444
30 Q.25 1,727 190,212 1,557 B4R 0.550
.50 = 280,067 4,342 1689 389
RE z,115 339,508 6,627 2534 .582
1.00 %.bM 380,420 8,686 3378 380
40 0.5 2,542 358,758 5,462 1888 0.488
15 3,115 439,344 8,312 2584 AQL
1.00 3,594 507,228 8,791 3378 584
1.50 4,402 B21, 263 15,180 5068 .365
NACA
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TABLE III - SUMMARY OF DATA FOR RECIPROCATING, RAM-JET, AND PULSE-JET ENGINER SHOWING

VARIATICN OF ROTOR DIAMETER AND ROTOR-TIP SFPEEDR

Bagine Rotor | Effeativel Rotor | Required |(Calculated | Drag Total Total Fuel Fusl congumption
diametor chord tip crosa-~ 11f% horse- | horse- horse~ | consumption Hotor El\':ﬁif
apeed | sactional [horsepower | power | power powaer
area of requlred | avall-
one angine for able
hovering
1b )
(re) (tt) [rt/sec)| (sq £t) (hp) (hp) (bp) {tp) {1b/nr) ToLor us
Rotor dimenslons for optimum ¢ of 0,B0
Reaiprocating 80 0.447 448 -— 64,21 x1,.16| 27.55 | 101.4 14],.4 46,63 -—
Ram Jet 10 0.664 800 0.28 385.8 109.82 652,82 502.2 | 2641 0.993
£20 338 900 .18 192,68 80,15 | 310.7 350,7 | 1430 559
40 +168 800 .13 96.31 79.17 | 190,0 230.0 e74.2 42
80 111 200 W11 64.21 75.81 | 149.6 169.6 888.2 .269
Pulss jet 20 1.08 500 0,4] 1¢2,6 44.08 | £65,6 06,6 | 10564 0.412
38 588 500 . 101.4 20,43 | 156.0 166,0 81%.0 242
60 . 559 600 £l 84,81 a7.68 | 111.4 161.4 442,0 178
Constant rotor-blade ohord
Reciprocating 58 1,18 448 ——— 101.4x1.18] 35,02 | 161.8 181.6 68,85 —-——
Ram Jot 10 1.15 200 0,28 385,2 130.8 ‘B73.6 6135.8 | 2640 1.03
20 1.15 200 22 198,68 182.1 413,56 4535.6 | 1004 744
30 1.15 800 22 128.4 266,.4 414,1 454,1 | 10805 744
40 1,15 200 34 98,31 345.0 455,8 495,8 1 2097 .819
50 1.16 200 27 77,08 424,5 Bl15.1 863,1 | 2361 922
B0 1.15 600 50 64,21 161.0 34,8 274,8 | 2582 1,01
Pulse jst 1o 1.15 600 0.57 386,82 54,09 | 497.1 537.1 | 1841 0.719
goo 1.15 60O 4l 192.8 9.10 | 280.8 300,8 | 1034 +AO4
o 1.16 50O o35 128.4 50,21 | 197.8 £257.% 785.2 « 907
e 1.18% 400 + 33 101,.4 30.44 | 147,0 187,0 688.5 «260
50 1.16 400 « 58 96,351 2.49 | 143.3 183,35 649.3 254
80 1.1% 400 « 30 T77.06 37.79 | 128.4 166.4 578.8 224
1.18 400 .28 84,21 44.05 | 117.9 157,98 534.3 » 809

oz

"ON WY VOV¥N

1ZMLA




43S -4 46

855

la) Rotor with reclprocating englne.

Figure |. — Diagram of he

|icoptar rators powered by variou

5 angines:

*oN WY VOVN

1Z4L3

Lz



Alr intake

Figure |. — Contlinued.
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{b) Rotor with Nernst turbine.

Diagram of helicopter rotors powered by various engines.
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Figure |, - Continued.

(¢} Rotor with ram jet.

Diagram of helicopter rotors powered by
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(d) Rotor with pulse jet. 2
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Figure |. ~ Concluded. Diagram of helicopter rotors powered by various engines. °
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powered by various engines.
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Figure 10, - Conciuded. Variation of pay load with hovering time for
helicopters powered by various engines.
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